Aims/hypothesis IMT504 is an oligonucleotide that promotes tissue repair in bone injury and neuropathic pain models by stimulating progenitor cells. Here we evaluated the effect of IMT504 on the recovery of islet function in a streptozotocin (STZ)-induced model of diabetes in the rat. Methods Male Sprague-Dawley rats were injected with STZ (60 mg/kg, i.p., day1) or citrate buffer (Control). Animals with glycaemia between 11 and 20 mmol/l on day 4 were injected with IMT504 (4 mg/animal in saline, s.c., STZ-IMT504) or with saline (STZ-Saline) for 10 days. Glycaemia and water and food intake were recorded for 33 days. Intraperitoneal glucose tolerance tests (IPGTTs) were performed on day30. On day35, overnight-fasted animals were killed and blood samples and pancreases collected for hormonal and histological studies. A second group of STZ-IMT504 rats was killed, together with Control and STZ-Saline rats, after two consecutive days of blood glucose decreases after the beginning of IMT504 treatment. Pancreases were collected and proliferating cell nuclear antigen (PCNA), nestin and neurogenin 3 (NGN3) detected by immunohistochemistry. Results IMT504 greatly improved blood glucose and food and water intakes in STZ-IMT504 rats by day8, as well as IPGTTs on day30. Significant increases in islet number and beta cell content were observed in STZ-IMT504 rats (day 33). Furthermore, after two to five IMT504 injections, blood glucose decreased, and an increase in pancreatic nestin (mainly in endothelial cells), PCNA and NGN3 production (in islets) was observed in STZ-IMT504 rats. Conclusions/interpretation IMT504 induced a marked recovery of STZ-induced diabetes that correlated with early production of progenitor cell markers, such as nestin and NGN3. 
Introduction
In type 1 diabetes, immunity and inflammation play an important role in beta cell destruction. Extensive efforts have been directed towards the development of immunomodulatory treatments for maintaining and restoring beta cell mass [1, 2] .
Immunomodulatory oligodeoxynucleotides (ODNs) are synthetic molecules that stimulate several immune cells, causing activation, proliferation and immunoglobulin secretion [3] . ODNs active in humans are: (1) CpG ODNs, with at least one active site bearing an unmethylated CpG (a single strand cytosine-guanine dinucleotide with 5′-3′ direction) in a given context [4] , and (2) PyNTTTTGT ODNs with at least one active site bearing the sequence PyNTTTTGT, in which Py is C or T and N is A, T, C or G [3] , this being IMT504, a prototype of this type. Both types have been assayed as adjuvants in vaccines and in cancer and allergy therapies. Whereas CpG ODNs have been evaluated in autoimmune diseases [1] , no data are available regarding IMT504. Interestingly, while IMT504 is a potent stimulator of mesenchymal stem cells (MSCs), CpG ODNs are not [5] . We have shown that IMT504 is useful for tissue repair in a bone injury model [5] , presumably through expansion of the MSC pool and/or modifications in the immunochemical microenvironment at the site of damage. These results prompted us to investigate the effects of IMT504 on glucose homeostasis and pancreatic progenitor cell markers (PPCMs) in a streptozotocin (STZ)-induced model of diabetes in the rat.
Methods
IMT504 (Oligos Etc., Wilsonville, OR, USA) was treated as described [5] , its sequence being 5′-TCATCATTTTGT CATTTTGTCATT-3′.
Male Sprague-Dawley rats (Institute of Biology and Experimental Medicine [IBYME] colony, 180-220 g) were injected i.p. with STZ (60 mg/kg body weight [BW] , freshly dissolved in 0.05 mmol/l sodium citrate buffer, pH4.5) at 12:00 hours (day1). At this dose, STZ acts through uptake by the glucose transporter GLUT2 and induces beta cell toxicity. Controls received citrate buffer. Animals were given free access to laboratory chow and water. Studies were performed according to institutional protocols for animal use (IBYME-CONICET and the National Institutes of Health [NIH]).
First design
As from day 4, STZ animals (glycaemia: 11-20 mmol/l) and Controls were s.c. injected with saline (STZ-Saline and Control-Saline) or with IMT504 (4 mg in 0.2 ml saline daily) for ten consecutive days (STZ-IMT504 and Control-IMT504). Glycaemia was monitored every 4 days until day 33, at 12:00 hours, in non-fasted animals, in tail vein blood samples using a blood glucose monitoring system (LifeScan, Milpitas, CA, USA).
For intraperitoneal glucose tolerance tests (IPGTTs), on day30 overnight-fasted animals were injected i.p. with 2 g/kg BW glucose and glycaemia was measured at 0, 30, 60, 90 and 120 min.
Food and water intake were recorded in the morning every 2-3 days. BW was measured and food efficiency calculated.
HOMA of insulin resistance (HOMA-IR) and HOMA of beta cell function (HOMA-beta) indices were calculated as previously described [6] .
On day35, after measuring blood glucose, overnightfasted animals were decapitated, sera collected for insulin determination (RIA) and pancreases processed for histological analysis.
Second design
Starting on day 4, STZ animals (glycaemia: 11-20 mmol/l), were treated daily with IMT504, as above, and killed after two consecutive decreases in blood glucose. Control and STZ-Saline rats were killed simultaneously. Before killing, the blood glucose level in the non-fasted animals was measured and sera were kept for insulin measurement. Rats were then anaesthetised (ketamine/xylacine, 60/10 mg/kg BW, i.p.), and transcardiacally perfused with 0.9% (wt/vol.) saline followed by 4% (wt/vol.) paraformaldehyde in PBS, pH7.4. Pancreases were further processed as above.
Pancreas histological analysis
First design Four sections from different regions of each pancreas (n=5 per group) were used for double staining for insulin and glucagon. Glucagon: rabbit polyclonal anti-rat glucagon (sc 13091, 1:300; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and alkaline phosphatase Vectastain ABC-AP KIT (Vector, Burlingame, CA, USA) combined with a Vector blue AP Kit (Vector, SK-5300). Insulin: guinea pig anti-rat insulin (Cat ab 7842UK, 1:300; Abcam, Cambridge, MA, USA) and a Vectastain ABC-AP kit combined with a Vector red AP kit (Vector, SK-5100).
Second design In all cases antigen retrieval was performed. To determine cell proliferation, triple staining for insulin, glucagon and proliferating cell nuclear antigen (PCNA) was performed. Insulin was stained as above, glucagon was stained as above but followed by a Vectastain ABC kit and 3,3′-diaminobenzidine (DAB), and PCNA was detected with an anti-mouse PCNA antibody (MAB424, 1:200; Millipore, Billerica, MA, USA) followed by a Vectastain ABC-AP kit combined with a Vector blue AP Kit.
To localise the staining of PPCMs, double staining for insulin and nestin or neurogenin 3 (NGN3) were performed. For insulin and nestin, insulin was detected as above, and nestin was detected with mouse anti-nestin antibody (Rat-401, 1:30; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA), followed by a Vectastain ABC kit and DAB. Slides were counterstained with haematoxylin. For double staining for insulin and NGN3, insulin was detected as above, and NGN3 was identified with an anti-NGN3 antibody (F25A1B3, 1:500; Developmental Studies Hybridoma Bank), followed by a Vectastain ABC-AP kit combined with a Vector blue AP Kit.
To determine the presence of angiogenesis, double staining for insulin and CD31 was performed. Insulin was detected as above, but followed by a Vectastain ABC-AP kit combined with a Vector blue AP Kit, and CD31 was detected with a goat polyclonal anti-PECAM-1 antibody (sc-1506, 1:100; Santa Cruz Biotechnologies), followed by a Vectastain ABC kit and DAB. Control-Saline: n=90 islets, n=257 blood vessels; STZ-Saline: n=55 islets, n= 459 blood vessels and STZ-IMT504: n=80 islets, n=648 blood vessels.
In all cases, non-specific staining was evaluated in the absence of primary antibodies. Image analysis was performed using a Nikon Photomicroscope Eclipse 200 and Image-Pro Plus v4.5 software (Microlab, Buenos Aires, Argentina).
Statistics
Results are expressed as means±SEM. Differences between means were analysed by one-or two-way ANOVA, followed by a Newman-Keuls test or a Tukey HSD test for unequal N; for multiple determinations in the same animal, two-way ANOVA with repeated measures design was used (Statistica 8). Only for nestin-positive pancreases/ total pancreases, frequency distributions were analysed using the χ 2 test. p<0.05 was considered statistically significant.
Results

First design
IMT504 induced a marked recovery of the diabetic condition in STZ-treated rats IMT504 induced a rapid decrease in glycaemia in STZ-injected animals; by day8, blood glucose was normalised in 90% of STZ-IMT504 rats (nine of ten; Fig. 1a) . Glycaemia was not affected in Control-IMT504 rats. IMT504 greatly improved IPGTTs in STZ-IMT504 rats, without modifying glucose disposal in Control-IMT504 rats (Fig. 1b) . IMT504 normalised beta cell function (HOMA-beta) and insulin resistance (HOMA-IR; Fig. 1c ). Histological analysis (Fig. 2a-d) showed that the insulin-positive area decreased in STZ-saline and partially recovered in STZ-IMT504 rats (Fig. 2e) , as did the number of islets per pancreatic area (Fig. 2f) and the islet surface area (Fig. 2g) . Glucagon-positive area was not modified by STZ or IMT504 (Fig. 2e) . Control-IMT504 islets were similar to Control-Saline (Fig. 2e-g ).
IMT504 greatly improved polydipsia, polyphagia and BW in STZ-IMT504 rats. A per se anorexigenic effect of IMT504 seemed to add to the decrease in food intake, as it was also observed in Control-IMT504 rats. In addition, a decrease in BW was temporarily observed in Control-IMT504 rats. Food efficiency was normalised in STZ-IMT504 and severely affected in STZ-Saline rats (Electronic supplementary material [ESM] Fig. 1 ). IMT504-induced decrease in food intake, and therefore in the challenge for insulin secretion, could participate in the recovery of islet function and blood glucose.
Second design
IMT504 induced the early production of tissue repair markers in STZ diabetic rats After two consecutive days of blood glucose decrease (two to five IMT504 doses), three of six STZ-IMT504 rats had normalised their glycaemia (6.6±1.1 mmol/l). Although the others were still hyperglycaemic (15.0±0.4 mmol/l), glycaemia had decreased from its peak. At this time STZ-Saline rats were hyperglycaemic (24.4±1.9 mmol/l). Serum insulin was similar in ControlSaline and STZ-Saline rats but significantly increased in STZ-IMT504 rats (p<0.05 vs Control-Saline), while islet insulin had partially recovered in STZ-IMT504 rats (ESM Fig. 2 ).
An increase in markers of tissue repair was observed in STZ-IMT504 pancreases at this time. The percentage of PCNA-positive islets and the number of PCNA-positive nuclei per islet increased significantly in STZ-IMT504 rats compared with Control-Saline (Fig. 3a, b) . In islets, PCNA was mainly positive in beta cells in all groups.
Nestin was present in 25% of Control-Saline pancreases. Those from STZ-Saline rats were nestin-negative.
In STZ-IMT504 rats, 67% were nestin-positive, significantly different from STZ-Saline (χ 2 , p<0.05; Fig. 3f ). Nestin was observed in endothelial cells in pancreatic parenchyma, within a few islets, and also in pericytes, stellate and exocrine cells (Fig. 3g-j) .
CD31 increased in STZ-IMT504 rats compared with Control-Saline in islets (p<0.01) and blood vessels (p< 0.01) (data not shown).
STZ-IMT504 rats presented a marked increase in NGN3-positive islets and in NGN3-positive nuclei per islet, significantly different from Control-Saline and STZ-Saline rats (p<0.02). Control islets were NGN3-negative (Fig. 3k,l) . NGN3 was also observed in some duct and exocrine cells in STZ-Saline and STZ-IMT504 rats (not shown).
Discussion
IMT504 markedly reversed diabetes in STZ animals. A striking recovery of islet structure, number and cell composition was observed. The short time necessary to lower high blood glucose in STZ-IMT504 rats suggests an initial effect on pre-existing islet recovery and a possible later effect on islet neogenesis. An early increase in beta cell proliferation and in insulin secretion also point to islet recovery. IMT504 induced the rapid appearance of tissue repair markers such as PCNA, CD31, nestin and NGN3. PCNA increased in STZ-IMT504 islets, indicating active proliferation, mainly in beta cells. Nestin, a non-endocrine lineage PPCM, was increased by IMT504 treatment in endothelial cells, pericytes and stellate cells, marking active regeneration [7] and angiogenesis [8] ; this last variable was also indicated by increased CD31 in blood vessels. NGN3, an unambiguous marker for islet progenitors, was absent in normal islets and markedly increased in STZ-IMT504 rats, suggesting that IMT504 may be triggering NGN3 synthesis in pancreas-resident progenitor cells [9] , similar to what was observed when administrating bone marrow-derived cells [10] . Our results are consistent with the view that the adult pancreas retains the potential to reactivate its embryonic mode of beta cell formation under the proper stimuli [11] , and this capacity is greatly enhanced by IMT504. Nevertheless, progenitor recruitment from other compartments may also occur. Lineage-tracing studies would provide important information in this regard [9, 10] .
Immunomodulatory actions of IMT504 must also be taken into consideration when analysing diabetes improvement. In this regard, microbial products such as Complete Freund's Adjuvant or Toll-like receptor agonists are known to have dissimilar effects on diabetes depending on the model [1, 2] . No studies with PyNTTTTGT ODNs and autoimmune diseases have been developed so far. Therefore, the participation of the immune system in the IMT504-induced rescue from diabetes in this model remains to be evaluated, as IMT504 may also be inducing cytokines, which may in turn induce the expression of PPCMs (nestin and NGN3) and/or preserving remaining beta cells.
In summary, IMT504 induced the recovery of pathognomonic signs of diabetes in rats and promoted the early production of tissue repair markers, such as PCNA, CD31, nestin and NGN3. These results point to IMT504 as an interesting candidate for future treatment of diabetes.
